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The viscosity of liquid cyclopentane has been measured with a vibrating wire viscometer at temperatures from
(273 to 353) K at pressures up to 45 MPa with a standard () uncertainty of< 0.7 %. These results differ

from literature values by + 1 % atT < 313 K. At T > 313 K andp up to 45 MPa, they lie witm 1 % from

the values obtained by extrapolation of the equation proposed by Assael kit.all. (Thermophys2004 25,

13—20). We have combined our measurements of viscosity with those reported by Assael and DHligbuti (
Temp—High Pressure200Q 32, 179-184) and Harris et al.J( Chem. Eng. Dat&2004 49, 138-142) with
densities from the modified Tait equation of Cibulka and TagakiGhem. Eng. Datd999 44, 1105-1128) to

provide a correlation for the viscosity of cyclopentane at temperatures between (219 to 353) K and pressures
below 200 MPa that represent the measured values with a standard deviatidh4®6. Other literature values

are compared with this correlation.

Introduction been compared with the above measurements and the correla-

Recently! we reported the design of a vibrating wire viscom- tions recommended by Assael et'aind by Harris et a.

eter along Wiih measurements _of the vifscosiiy of methylbenzeneExperimental Section
and two certified reference fluids for viscosity at temperatures
in the range from (298 to 373) K at pressures up to 40 MPato  Cyclopentane was supplied by Sigma-Aldrich with mass frac-
validate the operation of the instrument. These measurementdion purity stated to be greater than 0.99. The sample was dried
covered the viscosities from (0.3 to 100) m$with a standard over activated grade 0.4 nm molecular sieves for several weeks
uncertainty of about 0.6 %and relative deviations between the Prior to use. GLC with FID and a capillary column indicated a
experimental and literature values of less thard %. mass fractionw > 0.9995. The mass fraction of water in the

In this paper, we report measurements of the Viscosity of Sample was determined by a Karl Fisher titration USing a Radio-
liquid cyclopentane at temperatures in the range (273 to 353) Meter analytical titrator, TIM 550, and found to be at@®.
K at pressures between (0.1 and 45) MPa. AssaePeeslewed The apparatus, working equations, and analyses have been
seven publicatiorfs® that report measurements of the viscosity described in ref 1, and only the important features of the appa-
of ||qu|d Cyc]opentane; ref 9 reports a Smoothing equation to ratus are described here. Values of the Uncertainty in the mea-
their experimental values but did not report the values while sured quantities are listed. For measurements with cyclopentane,
another source cited by Assael e€alas a private communica- the Vibrating wire was formed from tungsten wire of diameter
tion to those authors. Three sets of measurements in the literaturd-05 mm that was obtained from Goodfellow (Cambridge, U.K.)
extend top > 0.1 MPa: Assael and Dalaotitieport results with a mass fraction purity 99.95 %. The wire was about 40
at temperatures from (219 to 309) K apds 25 MPa; Harris ~ mm long, clamped at both ends and tensioned to have a
et al5 at temperatures between (258 and 298) K and pressuregesonance frequency in vacuum of about 1.6 kHz. The temper-
below 380 MPa: and Brazier and FreerfanT = 303 K and ature was determined with a platinum resistance thermometer
p < 400 MPa. In addition to the references listed in ref 2, Ma With an uncertainty of= 0.01 K. Pressures were generated with
et all® measured the viscosity of cyclopentane along the vapor @ hydraulic pump and measured, relative to atmospheric
liquid equilibria line and also cited values of the density. Four Pressure, using a dial gauge that was, when calibrated against
other publications~24 report viscosities of cyclopentane either @ dead-weight gauge, found to have an uncertainty- @.05
over a more limited range of temperatures or where cyclopentaneMPa. Ambient pressure was obtained from a mercury barometer
is one component in a mixture and values of pure cyclopentaneWith an uncertainty of= 0.1 kPa. The sinusoidal voltage applied

are provided for completeness. The results reported here havd0 the wire was generated by a lock-in amplifier and the
amplitude varied between (1 and 2) mV. During the course of

* Corresponding author. E-mail: ken.marsh@canterbury.ac.nz. the measurements reported, the resonance quality Qataried
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Table 1. Experimental Viscositiesy of Liquid Cyclopentane
Obtained with a Vibrating Wire of Diameter about 0.05 mm and 0
Densitiesp Calculated from Cibulka and Takagi'® at Temperature T
and Pressurep ‘é_ T _Q_ —
TIK p/MPa plkg:m~3 n/mPas
273.15 0.1 764.84 0.5628 = L .o"%'_i‘ """""
10 772.46 0.6148 B OO
30 786.01 0.7203 B VY A ]
40 792.07 0.7767
293.15 0.1 745.36 0.4413
10 754.11 0.4827 " " L
30 769.37 0.5708
40 776.09 0.6167 e
298.15 0.1 740.41 0.4167 p/MPa
ég ;gg% ggggg Figure 1. Relative deviation®\n/n = {n(expt) — n(calc}/n(calc) of the
40 772.10 0.5846 experimentally determined viscosiifexpt) from the value obtained from
313.15 10 735.55 0.392 eq 1y(calc) as a function gb > 0.1 MPa.@, this workT = 273 K; A, this
30 752.79 0.4646 work T = 293 K; @, this work T = 298 K; +, this work T = 313 K; H,
45 763.75 0.5222 this work T = 333 K; x, this workT = 353 K; O, Harris et af at T = 273
333.15 10 717.01 0.3247 K andp < 50 MPa;0, Harris et aP at T = 278 K andp < 50 MPa; A,
30 736.60 0.3882 Harris et aP at T = 287 K andp < 50 MPa;<, Harris et aR at T = 298 K
45 748.76 0.4364 andp < 50 MPa; gray circle, Assael and Daladudit T = 273 K; gray
353.15 15 704.99 0.2868 triangle, Assael and Dalaofitat T = 293 K; gray diamond, Assael and
30 721.16 0.3291 Dalaoutf at T= 308 K; - - -, standard deviation of the fit of our data to eq
45 734.68 0.3727 1 of + 0.1 %; and— —, standard uncertainty in our measurementstof

1 %.

from 14 atn(273 K, 40 MPa)~ 0.78 mPas to 34 at which
7(353 K, 15 MPa)~ 0.29 mPas. and Dalaoufi used a vibrating wire viscometer and stated that

The radius of the wire was found to be 0.02475 mm from the uncertainties increased frost (0.5 to 1) % as the
measurements in methylbenzene at a temperature of 298.15 Kiemperature decreased from (310 to 210) K. Harris euakd
and a pressure of 0.1 MPa at which the viscosity and density a falling sinker viscometer and estimated the uncertainty in their
were obtained from the correlation of Assael efalhe internal viscosities to be about 1 %. The deviations, shown in Figure
damping factorA, was assumed equal to 41975 as reported 1, are random even though the systematic errors in falling sinker
previously for a sample of wire taken from the same spdnl. and vibrating wire viscometers are quite different. Equation 1
the analysis, the density of cyclopentane was required at eachis empirical, and perhaps not surprisingly, extrapolation to
experimental temperature and pressure, and it was obtained frontemperatures and pressures outside the range of the fit was not
the correlation reported by Cibulka and Tak&#yBased on our successful. At a pressure of about 50 MPa the viscosity obtained
previous work} we estimate the standard uncertainty in viscosity from eq 1 differed by abdul % from those reported by Harris

to be less thant 1 %. et al.? and this difference increased with increasing pressure to
be+10 % (that is a factor of 10 greater than the uncertainty of
Results and Discussion our measurements) at a pressure twice our highest value of about

Our measurements of the viscosity of cyclopentane at _90 MPa. The differences increased rapidly as the pressure

temperatures between (273 and 353) K and pressures in thdncreased fsrom (90 to 380) MPa. The viscosities reported by
range of (0.1 to 45) MPa are listed in Table 1 along with the Harris etak atp < 50 MPa differed from eq 1 by about 1 %

densities from the correlation of Cibulka and TakigiThe atT = 258 K, that is about 15 K below our Iowest.te'mperature.
viscosity results from Table 1 were fit to the empirical Vogel ~ H€nce eq 1 appears to extrapolate well over a limited temper-
Fulcher-Tammann function: ature range but not well with pressure.
Two equationg;® both Padeapproximates, have been pro-

(T, p/mPas = p;)sedlin the Iitera'_[u(rje to redpreserfn measuremfents _of th(; \éisco_sity

of cyclopentane, independent of ours, as a function of density

exp{a + b(p/MPa)+ ¢t d(p/?_/';K"’;H {e_(p/MPa)z] (1) and temperature. Both equations have the form:
0

_ » _ NI V) =VTL+eV)e + eV, +eVv) (2
with a standard deviation of 0.1 %. The six parameters so
obtained are listed in Table 2. Our results deviate, as shown inwhereV, is a reference volume given by
Figure 1, from eq 1 by less thatt 0.3 %, well within the
estimated standard uncertainty of the measurements of about Vi=V+e(T—T)+e(T— T)? 3)
+ 1 %. Our measurements extend the temperature range at
which the viscosity of cyclopentane has been measured atwhere V is the molar volume atT, p), T, is a reference
pressures above 0.1 MPa by 45 K and the pressure by about 2@emperature, and the six parametmsere adjusted to represent
MPa over those reported by Assael and Dalabuti. specific sets of viscosities reported in the literature. Assael et
Comparison with Literature DataThe literature sources, of  al2 used eqgs 2 and 3 to represent viscosities reported in refs 3
which we are aware, of the viscosity of cyclopentane along with to 5 that covered temperatures from (220 to 310) K and pressures
the measurement technique and source of density are sumbelow 25 MPa with a standard deviatiohlo% at aconfidence
marized in Table 3. Figure 1 also shows deviations from eq 1 interval of 0.95. The correlation also included measurements
of the viscosities reported by Assael and Dalabatid those that were reported as a private communication to Assael t al.;
of Harris et aP at pressures below 50 MPa at temperatures that consequently, these values are not included in our deviation
overlap our range of (273 to 353) K andmt 0.1 MPa. Assael plots. Harris et ab. used algebraically identical equations and
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Table 2. Coefficients of Equation 1 Adjusted to Best Fit the Measurements of Viscosity Reported in Table 1
a b c d e D
—4.38219635 0.01265040 1120.20755931 —1.03932754 —0.00777493 —21.16678787

Table 3. Measurements of the Viscosityy of Cyclopentane Reported in the Literature Obtained with a Vibrating Wire (VW), Falling Body
(FB), Rolling Ball (RB), and Capillary Flow(CF) Viscometer over a Temperature RangeTmin t0 Tmax With Maximum Pressures pmax and
Estimated Uncertainty u along with the Source of Densityp and the Maximum Relative Deviations (A7 [17)ma® of # from Equations 2 and 3
with Coefficients in Table 4

first author ref Tinin t0 Tmay)/K Pma)MPa 100 (An|/m)max u method p source
Levin 3 298 0.1 0.1 0.7 % CF pycnometer
Assael 4 219 to 309 23 0.pE 0.1 MPa) +05% VW ref 17
1.2 (p < 23y/MPa)
Ma 10 253 t0 353 0.2 0.6(= 0.1 MPa) +2% CF ref 18> 323 K
4.3 (p < 0.2 MPa) ref 20< 323 K
Harris 5 258 to 298 0.1 0.8%= 0.1 MPa) +0.2% CF Anton Paar DMA5000
258 to 298 380 1.0p(< 200 MPa) +1% FB refs 21, 22
Brazier 8 303 400 0.70(= 0.1 MPa) not stated RB Bellows dilatometer
10 (p < 200 MPa)
Fischer 9 250 to 315 0.1 0.1 at 250 K 0.2% CF Heraeus-Paar DMA-02C
3.7at315K
Guznia 11 28310 313 0.1 0.5 +1x104mms?t CF Anton Paar DMA-58
(kinematic viscosity)
Oswal 12 303 0.1 1.5 + 0.002 mPs&s CF Anton Paar DMA-60/601
Pereiro 13 293 to 313 0.1 0.6 + 0.01 mPas CF Anton Paar DSA-5000
GonZdez 14 293 to 303 0.1 0.4 + 0.01 mPas CF Anton Paar DSA-5000
this work 27310 353 45 0.5(= 0.1 MPa) + 0.6 % VW ref 16

1.2 (p < 45 MPa)
3 |A5| = Nexpt — Ncalca °U = & 1 % at low temperature.

_— . able 4. Coefficientsg of Equations 2 and 3 Obtained by
represented solely their viscosity measurements at term:)(:"ratureéegression to the Viscosities Listed in Table 1 Combined with Those

between (258 and 298) K and pressures below 380 MPa, with areported by Harris et al.” at p < 200 MPa and Assael and Dalaouti
standard deviation of 0.3 % with six slightly different param- with the Density from the Correlation of Cibulka and Tigaki 162
eters. Equations 2 and 3 require knowledge of the density. Assael
et al? obtained densities from a correlation reported by Baonza
et all” that covered temperatures between (193 and 298) K at
pressures below 104 MPa while Harris ef @eveloped their
own modified Tait equation based on literature densities. This
equation was used to extrapolate the densities from the highest
pressure of the measurements selected from the literature of 196
MPa to the highest pressure at which they reported the viscosity, an ggs 2 and 3M = 0.0701340 kgmol-X and T, = 273.15 K.
380 MPa. Harris et dl.tabulated their estimated densities.

The equation for the density of cyclopentane reported by that is almost a factor of 2 higher in pressure and 45 K higher
Cibulka and Tagakf is based on their critical evaluation of in temperature. In view of this agreement, we compared the
the (o, T, p) data from the literature. The equation in ref 16 is measurements reported by Harris €t aith estimates obtained
a modified Tait equation for temperatures between (192 and from the correlation of Assael et alin this case using the
353) K andp = 196 MPa that represented the selected data densities tabulated by Harris et®aburprisingly, the predictions
sets with a standard deviation of 0.2 %. The difference  deviated from the experimental values by lessntia% at
between the densities listed by Harris et ahd those obtained  pressures below 200 MPa, about 8 times the maximum of 25
from the correlation of Cibulka and Tagékincrease linearly MPa used in the regression by Assael et @his comparison
from about 0.02 % ap = 0.1 MPa to 1 % ap = 380 MPa. indicates viscosities can be obtained from egs 2 and 3 with the
Fortunately, the working equations for a falling sinker (as also coefficients of Assael et &land the densities of Harris et al.
are those for a vibrating wire) viscometer are insensitive to the within 1 % atpressure below 200 MPa and temperatures in the
value of the density and differences of ab&% in thedensity range of (258 to 298) K. At higher pressures, the differences
should not introduce significant systematic errors in the viscosi- increased with increasing pressure but did not exceed 20 % at
ties reported in refs 4 or 5 or here. T = 268 K andp = 380 MPa.

The correlation of Cibulka and Tagakivas used to estimate In view of these comparisons and the desire to have an equa-
the density of cyclopentane at the temperatures and pressuresion to represent the viscosity of cyclopentane over the widest
at which we had measured the viscosity. The densities from ref possible temperature and pressure range, we combined the
16 were used in egqs 2 and 3 with both the parameters measurements of Assael and Dalabatid Harris et af. with
recommended by Assael et Zaland, separately, with the ours and estimated the density at the cited temperatures and
parameters provided by Harris effdh both cases, the estimated  pressures from the correlation of Cibulka and Tadfaki tem-
viscosity, when compared to our measurements, differed by lessperatures between (258 to 353) K and pressures from (0.1 to
than+ 1 %, and this agreement is surprisingly good particularly 196) MPa whergp = 196 MPa is the maximum recommended
for that of Assael et &.because their equation was based on pressure in ref 16. The six parameter®f eqs 2 and 3 were
literature data fromT = (220 to 310) K, 53 K lower in adjusted by a least-squares fit to the values listed in Table 4. The
temperature than our measurements, pnd 25 MPa while equations represented the measurements with a standard devia-
our data covers the range= (273 to 353) K ang < 45 MPa, tion of + 0.4 %. Figure 2 shows the measurements as deviations

€

7866.277x 1075 mol-cm™3
770188.311 R5>Pal-st
—20859.264 RS Pal-s l:mol-cm—3
141.924 R5Pa s 1:mol-cm=6
34247.660x 1076 cmP-mol~1-K 1
—49.782x 1076 cmP-mol~1-K 2
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Figure 2. Relative deviation®\n/n = {n(expt) — n(calc)}/n(calc) of the
experimentally determined viscosityexpt) from the valuey(calc) obtained

from eqgs 2 and 3 with coefficients of Table 4 as a function of pres®ure.

This work T = 273 K; 4, this work T = 293 K; @, this work T = 298 K;
+, this work T = 313 K; W, this work T = 333 K; x, this work T = 353
K; *, Harris et al®> at T = 263 K andp < 200 MPa;+, Harris et ak at T
= 268 K andp < 200 MPa;O, Harris et ak at T = 273 K andp < 200
MPa; 0, Harris et ab at T = 278 K andp < 200 MPa;a, Harris et aP at
T =287 K andp < 200 MPa;<{, Harris et all at T = 298 K andp < 200
MPa; gray times sign, Assael and Daladuti T = 219 K; gray plus sign,
Assael and Dalaoutiat T = 233 K; gray diamond, Assael and Daladutt
T = 253 K; gray circle, Assael and Daladuét T = 273 K; gray triangle,
Assael and Dalaodtiat T = 293 K; gray square, Assael and Daladuati
T=308K;, - - -,standard deviation of the fit af 0.4 %; and— —, standard
uncertainty in the measurements-bfl %.

experimentally determined viscosiifexpt) from the value obtained from
egs 2 and 3y(calc) with coefficients from Table 4 as a function of
temperature ang = 0.1 MPa.®, This work; A, Assael and Dalaouti®,
Harris et al3 O, Guzman et al*l *, Pereiro et al*3 o, Gonzalez et a4

x, at 303.15 K by Brazier and Freem&, at 303.15 K by Oswal et al2
0, at 298.15 K by Levien and Mill3:+, at 298.15 K by Fischer and Wei$s;
— «« —, equation of Fischer and Wei&s;- -, standard uncertainty in our
measurements of 1 %.

at the pressures that overlap the abscissa of Figure 1 their result
is abou 7 % above eq 1 gt = 50 MPa and is outside the scale

of the ordinate axis. The viscosities cited in ref 8 deviate from
the correlation of Harris et &lwhen the densities used are the
measurements reported in ref 8, by 4.2 %pat 50 MPa. At
higher pressures the differences vary in a systematic manner
from 8.7 % atp = 100 MPa to—2.8 % atp = 300 MPa,; if the

density used in the calculation is taken from ref 16 the difference

from egs 2 and 3 with coefficients of Table 4. These deviations IS 6-3 % aip = 50 MPa and increases with increasing pressure

are random, and all but three values are within the uncertainty ©© P& 14 % ap = 400 MPa.
cited for each of the instruments used and listed in Table 3. At p= 0.1 MPa the viscosities reported in refs 3to 5, 8, 11,
Brazier and Freem&meport measurements of the density of 13, and 14 deviate from egs 2 and 3, as shown in Figure 3, by
cyclopentane aT = 303 K and pressures in the range of (0.1 less than+ 1 % and within the uncertainty of the various
to 450) MPa that were not included by Cibulka and Taéfki measurements. The viscosity reported at 298 K in ref 9 differs
their correlation. We have compared the values from ref 8 at by +1.8 % from egs 2 and 3. Ref 9 only reported an equation
pressures between (203 and 456) MPa with those from ref 16from T = (250 to 315) K that differs from the values from eqgs
and find a difference of 0.9 % g@t= 200 MPa and 1.1 % ai 2 and 3 by—0.2 % at 250 K andt+3.7 % at 315 K. Their
= 450 MPa. We consider the remarkably good agreemept at reported accuracy wask 0.2 %. The reason for the discrepancy
= 450 MPa between the density reported in ref 8 and the value iS Not clear as the cyclopentane was carefully purified by
obtained by extrapolating the equation of Cibulka and T&§aki distillation and the viscometer was calibratgd with two fluids,
to be fortuitous and insufficient validation for estimating Water and 1,2-dicyclohexylethane, to obtain the Hagenback
densrﬂes from ref 16 over the Whole temperature range Of correction (WhICh In a Capl||al‘y viscometer I‘eSU|tS from end
interest, (219 to 353) K, aruifrom (196 to 380) MPa. However, ~ €ffects and kinetic energy terms). 1,2-Dicyclohexylethane has
if we assume the densities obtained from ref 16 hold fibom a viscosity of~ 1.87 mPas at 293.15 K. In general, the
(219 to 353) K ang from (196 to 380) MPa and compare the Hagenback correction be_comes significant at low viscosity so
Viscosities from eqs 2 and 3 using the Coefﬁcients Of Table 4 one Of the Callbrat|on f|UIdS Sh0u|d haVe a V|SCOS|ty C|OS€ to
with the measurements of Harris et%ihe differences are found ~ the lowest value measured. Calibration with a fluid having high
to increase with increasing pressure. For examp|p’at380 V|SCOS|ty can lead to SyStematIC uncertainties, part|CU|ar|y at
MPa andT = 268 K, the worst case, the difference was about higher temperatures, where the viscosity is lower. The value at
8 % while, rather surprisingly at the same pressure bilt=t 303 K in ref 12 differs from eqs 2 and 3 by1.5 %, which is
298 K the difference in viscosity was only 2.7 %. Furthermore, probably within a realistic estimate of the uncertainties of the
if we use the above densities calculated in the expanded pressurgeasurements. In general, the agreement between results from
range and adjust the coefficients of eq 2 and 3 to include the Such different techniques is exceptional.
viscosity measurements by Harris et &#lom (200 to 380) MPa, There is one other set of viscosity measurements of liquid
the deviations in the measured viscosity for the whole pressurecyclopentane reported in the archival literature by Ma éf al.
and temperature range are less tHafh % and similar in sign along the vaporliquid equilibria line for temperatures between
and magnitude to those shown in Figure 2. However, in the (253 and 353) K. Ma et &P listed values of the density at the
absence of other independent measurements of density tademperatures of their viscosity measurements estimated from
validate the correlation of Cibulka and Tag®¥kiover the the references given in Table 3. These measurements, as Figure
extended pressure range from (196 to 400) MPa, we do not4 shows with the open diamonds, deviate from the values
provide here the coefficients obtained from that fit. Brazier and estimated from eqs 2 and 3 and the coefficients of Table 4 when
Freemaf also reported viscosities at 303 K up to 400 MPa the densities were taken from ref 10 with a systematic undulation
measured with a falling ball viscometer that was calibrated with that reaches a maximum of 11 % at a temperature 338 K, about
a series of unnamed liquids over the pressure range. The6 times the estimated uncertainty in viscosity. Ma et%alid
viscosities obtained from ref 8 are not shown in Figure 1 because not provide estimates of the vapor pressure to allow calculation
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Figure 4. Relative deviationg\n/n = {n(expt) — n(calc)}/y(calc) of the
viscosity(expt) reported by Ma et &P.from 5 (calc) obtained from eqs 2
and 3 with coefficients of Table 4 at the vapor pressure as a function of
temperature<, with the densities reported by Ma et #l.andO, Ma et
all%with densities estimated from the correlation of Cibulka and Td§aki
at the vapor pressure obtained from the TRC TdBlasd the temperatures
reported in ref 10.

of the densities from the correlation of Cibulka and Tadéki.
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